An improved N use in grasses is necessary to increase the nutrient use efficiency and the species persistence in the production systems. However, it is not known if the same grass cultivars should be used in high or low N situations to achieve high nitrogen use efficiency (NUE). This study aimed to analyze whether Brachiaria brizantha cv. Marandu, B. brizantha cv. Xaraés, B. brizantha cv. Piatã, B. decumbens cv. Basilisk, Panicum maximum cv. Mombaça, P. maximum cv. Tanzania, P. maximum cv. Aruana and P. maximum x P. infestum cv. Massai grasses modify the N partition to an improved nutrient use efficiency when growing in an environment with low and high N availability. The experiment was carried out in a greenhouse with an Entisol collected in a degraded pasture area. The experiment was set up with 8 cultivars (four cultivars each of Brachiaria spp. and Panicum spp.) x 2 N rates in a complete randomized block design, with four replications. The studied grasses modified the N partition and the nitrate and ammonium concentrations in shoots and roots at high and low N supplied rates. These differences reflect the higher NUE by Mombaça and Tanzania compared with the other six cultivars.
Introduction
Brazil has approximately 173 million hectares of pasture in its territory, and 102 million hectares of which are planted pastures. Planted pastures increased by 2.7% between 1996 and 2006 because of natural pastures replacement (IBGE, 2010) . Most of the crops replacing natural pastures consist of grasses from the genera Brachiaria and Panicum, which are present in tropical and sub-tropical countries (Boddey et al., 2004; Vendramini et al., 2013) . To elucidate the pasturebased animal production systems, studies have focused on grass species characteristics such as the yield, tolerance and persistence under conditions of stress, as well as forages nutritional value; the improvement of these characteristics requires the development and selection of cultivars better adapted to local environmental conditions (Humphreys et al., 2006; Yaseen and Malhi, 2009; Parsons et al., 2011; Rasmussen et al., 2012) . Nitrogen is the most limiting nutrient for pasture production, and the increases in its availability in the soil results in higher yields and increased N concentrations and contents in forage plants (Lavres Junior et al., 2010; Silveira and Monteiro, 2010; Muir et al., 2013) . Nitrate and ammonium are the major inorganic forms of N available to plants (Mahmood and Kaiser, 2003) . When nitrate is absorbed, it can be reduced to ammonium and rapidly assimilated into organic compounds, or it can accumulate in vacuoles (Cárdenas-Navarro et al., 1999; Chen et al., 2004) . Ammonium is rapidly converted to amino acids; however, ammonium can be highly toxic to plant cells when accumulated in excess (Marschner, 1995; Wang and Macko, 2011) . Concentrations and contents of N in the plant shoots may be related to the proportion of structural and storage organs containing N, which, in turn, modifies the production of plant dry matter (Greenwood et al., 1990; Primavesi et al., 2004; Corrêa et al., 2007; Yuan et al., 2007) . Santos et al. (2002) and Santos et al. (2012) observed that N taken up by the roots was the main source of N for new lateral tillers and leaves production of Panicum maximum cv. Tanzania and low N rates resulted in the mobilization of accumulated N from the shoots to the root system. Lemaire and Salette (1984) reported that cultivars with high dry matter production and N use efficiency (NUE) had low N concentrations in their plant tissues; the low N concentration in the tissues (and, therefore, the low crude protein) reduces plant nutritive value (Brégarda et al. 2000) and makes it difficult for ruminants to meet their nutritional requirements (Andrade et al., 2000; Vitor et al., 2009; Santos et al., 2010) . According to Brégarda et al. (2000) , biomass partitioning is the key to increase the NUE or N concentration in the tissues of plants. An understanding of how forage grasses use the absorbed N to improve the NUE and the persistence of this nutrient in the environment is required for the best utilization of grasses in the production system. This study aimed to examine whether the forage grasses Brachiaria brizantha cv. Marandu, B. brizantha cv. Xaraés, B. brizantha cv. Piatã, B. decumbens cv. Basilisk, Panicum maximum cv. Mombaça, P. maximum cv. Tanzania, P. maximum cv. Aruana and P. maximum x P. infestum cv. Massai grown in environments with low and high N availabilities alter their partitioning of absorbed N to improve this nutrient use efficiency.
Results

Total N, nitrate and ammonium in the shoots
The interaction N rates × cultivars was significant for the N concentrations and contents in grasses leaves and stems + sheaths collected in the three plant harvests (Table 1) . Marandu and Piatã cultivars always had the highest leaf N concentrations when exposed to both N rates and Mombaça and Tanzania cultivars had the lowest leaf N concentrations for both N rates. The following total N concentrations were found in cultivars stems + sheaths exposed to low N rates: at the first harvest (1 st H), Piatã cultivar had the highest N concentration, while Mombaça and Tanzania cultivars had similarly low concentrations; at the second harvest (2 nd H), Piatã cultivar had the highest N concentration, while the Mombaça cultivar had low N concentrations that were similar to the other Panicum cultivars; at the third harvest (3 rd H), Piatã cultivar had the highest N concentration, and Panicum and Xaraés cultivars had similarly low N concentrations in the stems + sheaths. At high N rate and for all three harvests (Table 1) , Piatã and Marandu cultivars always had the highest N concentrations in stems + sheaths tissues, while Mombaça and Tanzania cultivars always had the lowest concentrations. The N content in the leaves was lower in plants exposed to low N rate than at high N rate (Table 1) . For all three plant harvests, the N contents in leaves of plants exposed to low N rate were similar among cultivars; cultivars with the lowest absolute values were Aruana at the first harvest, Mombaça and Basilisk at the second harvest and Piatã at the third harvest (although these concentrations were not significantly different from the concentrations in other cultivars). At high N rate, Piatã cultivar had the lowest foliar N content for all three harvests, whereas Xaraés, Aruana, Massai and Mombaça Means followed by the same letter in each sub-column for each plant harvest are not significant at the 5% probability rate according to Tukey's test. **Significant at 1% probability.
grasses always had the highest values, even though other cultivars had statistically similar contents. At low N rate, Basilisk cultivar had the highest N content in stems + sheaths, whereas Massai cultivar had the lowest stems + sheaths N contents in all three harvests. At high N rate, for all three harvests, Basilisk cultivar had the highest N content in the stems + sheaths, while the Piatã cultivar had the lowest N content ( Table 1) . The interaction N rates × cultivars was significant for the nitrate concentrations and contents in leaves and stems + sheaths of grasses in all three harvests (Table 2) . At low N rate, nitrate concentrations in leaves were ranked in the following order: 1 st H: Piatã > other seven grasses; 2 nd H: Marandu = Piatã = Basilisk = Mombaça = Tanzania = Aruana, Marandu = Piatã = Basilisk > Xaraés = Tanzania = Massai and Aruana = Mombaça = Xaraés; 3 rd H: Piatã > Marandu = Xaraés, Xaraés > Basilisk = Mombaça = Aruana = Massai, Xaraés = Tanzania and Tanzania = Basilisk = Mombaça = Aruana = Massai. At high N rate, for all three harvests, the Piatã cultivar had higher leaf nitrate concentrations than other cultivars. At second harvest, Panicum and Xaraés cultivars had the lowest leaf nitrate concentrations. At third harvest, nitrate concentrations in Nitrogen uptake efficiency -NupE (a), nitrogen utilization efficiency -NutE (b) and nitrogen use efficiency -NUE (c) of Brachiaria and Panicum cultivars grown under low and high nitrogen rates (means followed by the same lowercase letter for the low nitrogen rates and uppercase letters for the high nitrogen rates were not significant at the 5% probability level).
leaves were ranked in the following order: Piatã > Marandu > Xaraés = Basilisk > Panicum spp. With low N rate, at first harvest, nitrate concentrations in the stems + sheaths were highest in Marandu cultivar; Mombaça cultivar had the lowest nitrate concentrations in the stems + sheaths but had statistically similar concentrations to Massai cultivar. At second harvest in low N rate, Marandu, Xaraés and Piatã cultivars had higher nitrate concentrations in the stems + sheaths than Basilisk, Mombaça, Aruana and Massai cultivars; Tanzania cultivar had similar nitrate concentrations to those of Xaraés and Piatã cultivars. At third harvest, with low N rate, Piatã cultivar had the highest nitrate concentrations in the stems + sheaths, followed by Basilisk and Tanzania (Table 2) . At high N rate, Piatã cultivar had the highest nitrate concentration in the stems + sheaths for the first two harvests, while Mombaça and Aruana cultivars had the lowest nitrate concentrations. At third harvest, Brachiaria cultivars had higher nitrate concentrations in the stems + sheaths than Panicum cultivars (Table 2 ). Leaf nitrate contents of grasses supplied with low N rates were ranked in the following order: 1 st H: Mombaça = Marandu, Mombaça > remaining cultivars, Aruana = Piatã = Basilisk and Aruana < remaining cultivars; 2 nd H: Marandu = Mombaça > remaining cultivars, with Tanzania having the lowest absolute value of nitrate content in the leaves but statistically similar values to Piatã, Basilisk and Massai cultivars; 3 rd H: Marandu > Xaraés = Piatã = Mombaça = Tanzania = Massai > Basilisk = Aruana. At high N rate, Marandu, Xaraés and Mombaça cultivars had the highest nitrate contents in their leaves for all three harvests, for the first and third harvests, and for the first and second harvests, respectively. At high N rate, Aruana cultivar had the lowest leaf nitrate content for all three harvests (Table 2) . At low N rate, nitrate content in the stems + sheaths were ranked in the following order: 1 st H: Marandu and Tanzania cultivars had the highest nitrate content, while Mombaça and Massai cultivars had the lowest nitrate contents; 2 nd H: Marandu and Massai cultivars had the highest and lowest nitrate content in the stems + sheaths, respectively; 3 rd H: Tanzania and Massai cultivars had the highest and lowest nitrate contents in the stems + sheaths, respectively. At high N rate, Basilisk cultivar had the highest nitrate content in the stems + sheaths for all three grass harvests (at the second harvest, only Xaraés cultivar had similar value to Basilisk). Panicum cultivars, especially Mombaça and Aruana, had the lowest nitrate contents in the stems + sheaths ( Table 2) .
The interaction N rates × cultivars for ammonium concentrations and contents in the leaves and stems + sheaths was significant in all three harvests; the only exception was ammonium concentration in the stems + sheaths of the first harvest (Table 3 ). Ammonium concentrations in leaves were similar among grasses, especially at high N rate. At low N rate, Piatã cultivar always had the highest ammonium concentration in the leaves, while Panicum spp., Tanzania (first harvest), Mombaça, Tanzania, Aruana and Massai (second harvest) and Mombaça and Aruana (third harvest) had the lowest foliar ammonium concentration. At high N rate, ammonium concentrations were different only in leaves collected at the second and third harvests. At the second harvest, ammonium concentrations were higher only in the leaves of Mombaça cultivar, while at third harvest, the ranking was: Piatã > Xaraés > other studied cultivars. There was no clear pattern of response in the ammonium concentrations in the stems + sheaths of grasses. With low N rate, at the second harvest, ammonium concentrations in the stems + sheaths were highest in Marandu, Xaraés, Mombaça and Massai cultivars. However, at third harvest, Piatã cultivar was the only one that had higher ammonium concentrations than other cultivars. At high N rate, Marandu cultivar had the highest ammonium concentrations in the stems + sheaths. Conversely, Mombaça and Aruana cultivars always had the lowest ammonium concentrations in this part of the plant (Table 3) .
Ammonium contents in shoots were higher at high N rate (Table 3) . At low N rate, cultivars with highest leaf ammonium contents were as follows: Xaraés and Mombaça (first harvest); Xaraés, Piatã, Basilisk, Mombaça, Tanzania and Massai (second harvest); and Xaraés, Tanzania and Massai (third harvest). For the first and third harvests, Piatã cultivar had the lowest leaf ammonium contents. At high N rate, the highest ammonium contents were found in leaves of Mombaça, Tanzania and Massai (first harvest), Mombaça (second harvest) and Xaraés and Tanzania cultivars (third harvest); the lowest contents were found in Piatã (in the three harvests) and Basilisk cultivars (second and third harvests). At low N rate, grasses with highest ammonium contents in the stems + sheaths were Xaraés, Basilisk and Aruana (first harvest), Xaraés and Marandu cultivars (second harvest); for the third harvest, no differences were found among cultivars. At high N rate, differences in ammonium contents in the stems + sheaths among the grasses were evident, with Piatã cultivar having the lowest content for all three harvests and Basilisk cultivar having the highest values for the first harvest (Table 3) .
Total N, nitrate and ammonium in roots
The interaction N rates × cultivars was significant for total N, nitrate and ammonium concentrations and contents in roots (Table 4) . At low N rate, Piatã and Xaraés had the highest absolute values of N concentrations in roots, while Tanzania Means followed by the same letter in each sub-column for each plant harvest are not significant at the 5% probability rate according to Tukey's test. **Significant at 1% probability; *Significant at 5% probability; ns, not significant.
and Mombaça cultivars had the lowest values. At high N rate, Aruana and Tanzania grasses had the lowest N concentrations in roots, while Basilisk cultivar had the highest N concentrations. At low N rate, N contents in roots were ranked in the following order: Mombaça = Aruana, Aruana > remaining cultivars, Mombaça = Tanzania = Massai, Mombaça > Brachiaria cultivars and Tanzania = Massai = Brachiaria spp. At high N rate, Basilisk, Mombaça, Tanzania and Massai had high but equal amounts of N in roots, while Piatã cultivar had the lowest N content (this value was statistically similar to those of Marandu, Xaraés and Aruana cultivars). Nitrate concentrations in roots were lower in Piatã cultivar than in the Mombaça cultivar at low N rate (Table 4) . At high rate, Brachiaria cultivars (Piatã > Xaraés = Marandu = Basilisk) had higher nitrate concentrations in their roots than Panicum cultivars. However, at low N rate, the highest nitrate content in the roots was found in Mombaça cultivar, while Piatã cultivar had the lowest absolute value (this value was statistically similar to those of Brachiaria spp. and Massai). At high N rate, Marandu, Xaraés and Basilisk Means followed by the same letter in each sub-column are not significant at the 5% probability rate according to Tukey's test. **Significant at 1% probability.
cultivars had higher nitrate contents in the roots than other cultivars. At low N rate, ammonium concentration in the roots was higher in Tanzania cultivar than in the other grasses (Table 4) . At high N rate, ammonium concentrations in Brachiaria cultivars (Marandu = Xaraés = Piatã > Basilisk) were higher than in Panicum cultivars. At low N rate, ammonium contents in roots were higher in Tanzania and Aruana cultivars (Tanzania > Aruana) than in Brachiaria cultivars. At high N rate, ammonium contents were lowest in Piatã cultivar, whereas Marandu, Xaraés, Basilisk, Tanzania and Aruana cultivars had higher than the other cultivars, but statistically similar ammonium contents among them.
Proportions of total N, nitrate and ammonium in the plants
The contents of total N, nitrate and ammonium in plants parts from the third harvest were used to calculate the relative proportions in grasses (only at third harvest were the roots collected together with the shoots of grasses). The most striking differences in N proportions occurred with Xaraés, Piatã, Basilisk and Aruana cultivars at low N rate, when these grasses had higher proportions of total N in their root systems than in the shoots (Fig. 1a, b) . At high N rate, it was observed that: 1) Xaraés, Marandu and Piatã cultivars maintained the same nitrate proportions in roots as at low N rate; the proportions in the stems + sheaths were lower, and leaf proportions were higher than at low N rate; 2) Basilisk cultivar had significantly higher nitrate proportions in roots compared with low N rate; this cultivar also had lower and higher nitrate proportions in the stems + sheaths and leaves, respectively; 3) Panicum cultivars had higher proportions of nitrate in roots than at low N rate and lower proportions in the leaves and stems + sheaths (Fig. 1c, d) . At both N rates, the highest proportion of ammonium was observed in roots. For Piatã cultivar, high N rate did not produce the same response as was observed in other cultivars, as much of the N applied to the soil was not absorbed by this cultivar (Fig. 1e,  f) . At high N rate, all cultivars retained a small proportion of ammonium in their shoots, especially in the leaves. However, Marandu, Xaraés and Basilisk grasses maintained same ammonium proportion in their leaves at both N rates; by contrast, Panicum cultivars had lower proportions of ammonium at high N rate than at low rate.
N use efficiency (NUE)
The interaction N rates × cultivars was significant for NupE, NutE and NUE (Fig. 2) . Cultivars had less efficient N uptake, utilization and use at the high N rate than at the low rate. NupE for Marandu cultivar was greater than for Aruana and Massai cultivars at low N rate (Fig. 2a) . At high N availability, Aruana cultivar had greater NupE values than Marandu and Piatã cultivars. Mombaça and Tanzania cultivars had higher values of NutE than the other grasses at both N rates (Fig. 2b) . At low N rate, Piatã cultivar had the lowest NutE value, while at high N rate, Piatã and Marandu cultivars had the lowest values. NUE was higher at low N rate (Fig. 2c) . At low N availability, Mombaça cultivar had the highest NUE, followed by Tanzania and Xaraés cultivars. Under this same condition, Xaraés cultivar had the most N use efficiency among Brachiaria cultivars (although statistically not different from Marandu cultivar), even showing a higher efficiency than Aruana cultivar. At high N rate, Mombaça and Tanzania cultivars had equal N use efficiencies and were more efficient in their use of applied N. At high N rate, Piatã cultivar had the least efficient use of N, followed by Marandu, Basilisk and Xaraés cultivars.
Discussion
Studies have shown that increases in N applications in the soil result in increased N concentrations and contents in forage plants (Batista and Monteiro, 2008; Lavres Junior et al., 2010; Silveira and Monteiro, 2010; Muir et al., 2013) . In this experiment, the N concentrations and contents differed among the grass cultivars. At both N rates and for all three harvests, Marandu and Piatã cultivars had the highest N concentrations in the leaves and stems + sheaths, and Mombaça and Tanzania cultivars had the lowest concentrations. The reverse trend was observed for the N content, as the cultivars with low concentrations exhibited high N contents (Table 1 ). The grasses that had the highest N concentrations were those that had higher nitrate concentrations in their shoots ( , 1999; Chen et al., 2004) . Ammonium concentrations in the leaves were similar among the grasses, especially at the high N rate; no clear patterns of responses were observed for the ammonium concentration in the stems + sheaths of grasses (Table 3) . At the low N rate, the Marandu and Piatã cultivars had the highest ammonium concentrations in their leaves and stems + sheaths, while the Mombaça and Aruana cultivars had the lowest concentrations. The cultivars with the lowest ammonium concentrations in the shoots had high ammonium contents in this plant part. The small variations in the concentration and accumulation of ammonium in the shoots occur as ammonium is highly toxic to plant tissue cells and is therefore rapidly converted to amino acids (Marschner, 1995; Wang and Macko, 2011) . The decrease in the N concentration and the increase in the N content in the shoots (as occurred with Mombaça cultivar) can be attributed to the dilution effect and the continuous increase in the amount of N taken up by this grass (Yuan et al., 2007) , thus causing an increase in the proportion of structural and storage organs with low N contents and an increase in the production of plant dry matter (Greenwood et al., 1990; Primavesi et al., 2004; Corrêa et al., 2007) . Cultivars that concentrated more N in their shoots (such as Marandu and Piatã grasses) did not appear to be capable of rapidly converting N into dry matter; therefore, these forages must have the ability to synthesize more N-rich compounds and/or possess a high storage capacity for the inorganic forms of this nutrient (Table 3 ). In the root system, the high N rate produced an increase in the concentrations and contents of total N, nitrate and ammonium in the grasses (Table 4) . Brachiaria cultivars (mainly Piatã, Marandu and Xaraés) accumulated the most total N, nitrate and ammonium in their roots when exposed to the high N rate. At this N rate, the Panicum spp., Mombaça, Tanzania and Massai cultivars had the highest total N content but the lowest nitrate content in the root system. This finding may be related to the rapid transport of absorbed nitrate to the shoots of these cultivars via the xylem (Marschner, 1995; Santos et al., 2002; Santos et al., 2012) . Marandu, Xaraés and Piatã grasses apparently have the ability to accumulate greater amounts of N in their roots in the form of ammonium than do the other grasses; this feature may be related to their ability to easily assimilate ammonium (Table 4) . Panicum cultivars experienced higher initial growth rates in the root system; this process favored the uptake of soil nutrients during the early stages of the lifecycle, the rapid assimilation of nitrate in the shoots and roots, the production of an increased number of nitrate transporters and a reduction in the activities of the nitrate-efflux channels (Burton 1943; Mackown et al., 2009; Acuña et al., 2010) . All of the studied cultivars had higher N contents in their roots when exposed to a low N availability. These was most striking for Xaraés, Piatã, Basilisk and Aruana cultivars (Fig. 1a, b) . Santos et al. (2002) and Santos et al. (2012) observed that N taken up in the roots was the primary source of N for the production of new leaves and lateral tillers in Panicum maximum cv. Tanzania and low N supply resulted in the mobilization of N to the root system. The high N rate altered the proportion of nitrate contents in the cultivars in three different ways: 1) Xaraés, Marandu and Piatã grasses kept the same proportion of nitrate in their root system, reduced the nitrate content in the stems + sheaths and increased the leaf content; 2) Basilisk cultivar prioritized an increase in the nitrate proportion in the roots and leaves but lowered the proportion in the stems + sheaths; 3) Panicum cultivars greatly increased the proportion of nitrate in their root system but had small proportions in the leaves and stems + sheaths (Fig. 1c, d ). These findings may indicate the following: 1) Xaraés, Marandu and Piatã grasses prioritized the accumulation of nitrate in the root system; it appears that in cases of excess nitrate, these grasses accumulate nitrate in the stems + sheaths and leaves, while a low N supply promotes an accumulation of nitrate in the leaves; 2) Basilisk cultivar prioritized the accumulation of nitrate in the root system and leaves when exposed to the low N rates; by contrast, large amounts of nitrate accumulated in the stems + sheaths in the presence of the high N rate; 3) Mombaça, Tanzania, Aruana and Massai cultivars prioritized nitrate accumulation in the root system at the low N rate; at the high N rate, Mombaça cultivar had the lowest proportion of nitrate in the root system, thus prioritizing its allocation to the leaves and stems + sheaths; and Aruana cultivar had the highest proportion of nitrate in the root system, as demonstrated by Santos et al. (2002) and Santos et al. (2012) .
According to Scheurwater et al. (2002) , nitrate to ammonium reduction in the roots may have more impact on the carbon requirements for nitrate assimilation compared to nitrate assimilation in shoots. Species that preferentially reduce nitrate in the shoots may have the advantage of being able to utilize the excess reducing power (NADH or NADPH and reduced ferredoxin) produced during photosynthesis (Raven et al., 1992; Kronzucker et al., 1997; Scheurwater et al., 2002 ); this appears to be the case for the Mombaça, Tanzania, Aruana and Massai cultivars. Conversely, species that reduce high amounts of nitrate in the roots (as appears to be the case with the Xaraés, Marandu and Piatã cultivars) lose the competitive advantage, as these species obtain their reducing power through the pentose phosphate and glycolysis pathways, which releases carbon dioxide and thereby increases the respiratory quotient of the plant. Therefore, the location of the nitrate reduction has an impact on the carbon balance of the plant (Oaks and Hirel, 1986; Bowsher et al., 1989; Marschner, 1995) and consequently on the dry matter production of grasses.
Most of the ammonium remained in the root system of all cultivars at high and low N rates, indicating that almost all of the ammonium assimilation occurs in the roots rather than in the shoots (Marschner, 1995; Wang and Macko, 2011) . However, at the high N rate, the Marandu, Xaraés and Basilisk grasses maintained the same proportion of ammonium in their leaves as at the low N rate, while the Panicum cultivars had a reduced ratio (Fig. 1e, f) . These cultivars may have a high capacity for ammonium assimilation in their shoots and therefore possess membrane transporters with more affinity for ammonium and/or a higher capacity for N storage in the form of ammonium in the shoots. Studies have shown that different species tend to prefer one inorganic form of N over another (von Wirén et al., 1997; Wallander et al., 1997; Garnett and Smethurst, 1999) ; other studies have shown that the preference for nitrate or ammonium can change throughout the day and may depend on whether the environment is wet or dry (Wang and Macko, 2011) . Marandu, Xaraés and Basilisk cultivars may have this ability, as they experienced higher ammonium assimilation compared to the other grasses. This phenomenon may be related to the environment from which these cultivars were derived; the native soil of these plants may have had higher ammonium rates, resulting in a higher capacity to take up this form of N.
Differences in the rates of accumulation and concentration of N may reflect changes in the NUE of the cultivars. Lemaire and Salette (1984) suggested that cultivars with a high dry matter production and a high NUE would have lower N concentrations in their tissues; this characteristic can result in forages that do not meet the nutritional requirements of ruminants (Brégarda et al. 2000) , as forages with low N concentrations tend to have a low nutritional value (Andrade et al., 2000; Vitor et al., 2009; Santos et al., 2010) . The cultivars that accumulated less N in their tissues (such as Mombaça and Tanzania grasses) had a high NUE at both N rates (Fig. 2c) . The NupE was similar among the cultivars; the only observed difference was among the Marandu cultivar (which had a higher NupE) and the Aruana and Massai cultivars at the low N rate; at the high N rate, Aruana cultivar had a higher NupE than Marandu and Piatã cultivars (Fig. 2a) . This finding may indicate that under conditions of low N availability in the soil, the Marandu cultivar may be more efficient in absorbing this nutrient. This higher NupE may be related to a better utilization of ammonium, which can provide a competitive advantage over time when the plant is cultivated in a restrictive environment. Conversely, in an environment with a high N availability, Aruana cultivar appeared to be best able to use the nitrate present in the soil solution. The variable that best explained the difference in the NUE in the grasses was the NutE (Fig. 2b) . This finding indicates that cultivars prioritize the use of absorbed N differently; for example, Mombaça and Tanzania cultivars prioritize the allocation of N in the leaves at both N rates, while other cultivars do not (Fig. 1 ).
Materials and Methods
Plant materials and greenhouse conditions
This experiment was carried out during the summer season in a greenhouse located in Piracicaba, São Paulo State, Brazil, using the grasses Brachiaria brizantha cv. Marandu, B. brizantha cv. Xaraés, B. brizantha cv. Piatã, B. decumbens cv. Basilisk, Panicum maximum cv. Mombaça, P. maximum cv. Tanzania, P. maximum cv. Aruana and P. maximum x P. infestum cv. Massai. Seeds from these grasses were germinated in plastic trays containing washed sand with adequate moisture to provide a favorable germination environment. Seedlings were transplanted 12 days after sowing, when they had two to three leaves. Fifteen seedlings were transplanted in each pot and successively thinned to obtain five plants per pot.
Forage grasses were grown in plastic pots with a capacity of 4.2 dm 3 or 6 kg of soil for three growing periods; plant harvesting was performed at 5 cm above the soil surface. The first, second and third harvests occurred at 26, 24 and 22 days of growth, respectively, when the more mature leaves had begun to senesce. The mean temperature and humidity of the air inside the greenhouse during the experimental period was 29.6 °C (Tmax = 44.1 °C / Tmin = 19.5 °C) and 63.4%, respectively.
The four Brachiaria spp. and four Panicum spp. cultivars were exposed to high (300 mg dm -3 ) and low (30 mg dm -3 ) N rates using an 8 x 2 factorial design; similar experiments were conducted by Batista and Monteiro (2008) and De Bona and Monteiro (2010) . The experiment was set as a complete randomized block design with four replications. Ammonium nitrate was used as N source. To avoid other potential limitations to growth, the nutrients P, K, Ca, Mg, S, B, Cu, Zn and Mo were applied to the soil in amounts of 150, 150, 60, 50, 30, 1.5, 2.5, 2.0 and 0.25 mg dm -3 , respectively, at the beginning of the experiment and after each harvest. Rates of N and K were split into three times, three days apart, to prevent an abrupt variation in the soil salinity. For the second and third growing seasons, the P concentration was reduced to 75 mg dm -3 .
Soil characterization
The collected soil used in the experiment was an Entisol according to Embrapa (1999) . The soil was air dried, sieved through a 4-mm mesh to remove gravel and coarse organic fractions (such as roots and leaves) and homogenized. (Raij et al,. 2001 ). Soil liming was performed using a value of V 2 equal to 50% in the formula for calculating the correction dose and using CaO and MgO (analytical reagents) to meet the mean nutritional requirements of the forage grasses. After liming material application, the soil was moistened with deionized water to reach a water-holding capacity of 70% and was incubated for a period of 25 days to allow the reaction of the applied liming material to take place.
Irrigation system
Water was supplied by using a self-irrigating subsurface system (Bonfim-Silva et al., 2007) . Water was continuously replenished to maintain the soil at 70% water-holding capacity. The system for water replenishment was madd of a porous ceramic capsule (5 cm in diameter and 7 cm in height) inserted into the soil surface in the pot upper portion. This capsule was connected to a 1.5-cm diameter flexible tube and an 1.8-L capacity reservoir positioned below the pot. Soil water potential was determined by water column height (30 cm) between the pot and the reservoir. Thus, soil-plant system evapotranspiration triggered the water automatic replenishment.
Plant harvests, laboratory determinations and variable calculations
At the end of each growth period, the grass shoots were harvested and separated into leaves and stems + sheaths, with the roots being separated only after the third harvest. The shoots and roots were ground in a Wiley mill and packed into plastic bags; the harvested portions were kept separate. N total concentration was determined as proposed by Sarruge and Haag (1974) . Ammonium and nitrate concentrations were determined according to Tedesco et al. (1985) .
The NUE, N uptake efficiency (NupE) and N utilization efficiency (NutE) were calculated. The NUE was determined by measuring the total yield of grass leaves (sum of yields for the three harvests) per unit of N applied. According to Moll et al. (1982) , NUE depends on two parameters: NupE and NutE. NupE consists of the total N in the shoots of the collected plant divided by the total amount of applied N, whereas NutE is defined as the dry leaf matter divided by the total amount of N in the shoots after harvesting (OrtizMonasterio et al., 1997; Hawkesford and Howarth, 2011) .
Statistical analysis
Statistical analysis was done by using the "Statistical Analysis System" (SAS 2004) computer software. Experimental variables were subjected to an analysis of variance (ANOVA), and depending on the significance of the F-test, the Tukey's test for the comparison of means was used at a significance level of 5%.
Conclusion
The studied forage grasses altered the partitioning of the total N, nitrate and ammonium in the shoots and roots at N rates. All cultivars had the highest proportion of N in their roots when grown in conditions of low N availability. Cultivars with higher NUE, as Mombaça and Tanzania, had low concentrations of nitrogen, nitrate and ammonium in shoots and prioritize nitrate in roots only at low N. The lowest NUE, as Marandu and Piatã had high concentrations of total N, nitrate and ammonium in shoots, prioritize nitrate in roots at both N rates and had high ammonium proportion in shoots, indicating increased tolerance of these cultivars to ammonium effects in tissues or greater ammonium assimilation in shoots. As the stress increase these cultivars may stay longer in the production system.
